Citrobacter rodentium causes an attaching and effacing infection of the mouse colon. Surprisingly, protective adaptive immunity against this mucosal pathogen requires a systemic T-cell-dependent antibody response. To define CD4
Citrobacter rodentium serves as the mouse model for studying the pathogenesis and host responses to attaching and effacing pathogens. These pathogens cause significant morbidity and mortality among infants and children in the developing world and among animals of agricultural significance. As with related pathogens, including the enteropathogenic Escherichia coli, C. rodentium causes a self-limited infection of the apical surface of the gut epithelium (2, 14, 16) . The noninvasive nature of this infection provides a model for dissecting events associated with infections of mucosal surfaces, including the host responses needed to resolve them. This infection also serves as the primary mouse model of infectious colitis, providing a rigorous system for understanding microbial contributions to gut inflammation and pathways involved in its successful resolution.
Primary infection with C. rodentium progresses through three distinct phases, a useful schema for defining points at which elements of innate and adaptive immunity impact host defense. First, colonization and proliferation of the pathogen start with successful introduction of C. rodentium into the colon. After initial adhesion (4), attaching and effacing lesions form, mediated by the bacterial adhesin intimin and type III secreted bacterial proteins, including the translocated intimin receptor, Tir (7, 8, 18) . Innate defenses, including epithelialproduced ␤-defensins, affect early colonization and proliferation of C. rodentium in the colon (13, 24) . The presence of mucosal antibody also appears to impact the initial kinetics of bacterial growth (2, 15, 28) . Second, by the onset of symptomatic infection 7 to 10 days after inoculation, the developing pathogen burden has triggered a number of epithelial responses, including the hallmark hyperplastic response and production of antimicrobial factors (14, 24) . Previous studies have also demonstrated protective roles for proinflammatory cascades resulting in secretion of gamma interferon (IFN-␥) and tumor necrosis factor alpha member cytokines in the colon (9, 10, 24, 26) . Interestingly, acute infection primarily recruits CD4 ϩ T cells into the colon, though abscess formation in proximity to densely colonized areas intermittently disrupts epithelial integrity, creating the potential for polymicrobial sepsis as C. rodentium and lesser numbers of commensals gain entrance to host tissues (2) . While adult immunocompetent hosts control this aspect of the infection, it contributes to the lethality and morbidity seen in immature animals and populations with defects in B cells and CD4 ϩ T cells (2, 25) . Third, most mice resolve infection within 4 weeks after initial inoculation. Immunocompetent hosts clear the pathogen, with resolution of inflammation and return of epithelial proliferation to a baseline state.
The development of T-cell-dependent serum antibody proved the critical adaptive response needed to survive and resolve this primary infection of a mucosal surface (2) . This response consists of CD4 ϩ T-cell-dependent serum immunoglobulin M (IgM) and evolving IgG predominated by the Th1-biased isotype IgG2c, the IgG2a allotype produced in C57BL/6 mice. Surprisingly, this response did not require CD4 ϩ T-cell or B-cell responses in mucosal tissues, as evidenced by survival and resolution of infection in mice lacking ␤ 7 -integrins, adhesion molecules facilitating binding of lymphocytes to the mucosal addressing cell adhesion molecule (MAdCAM) that permits entry into mucosal sites, including the GALT (2). These findings indicate that protective adaptive responses against attaching and effacing pathogens do not need to occur in the same tissue compartment as the primary site of infection.
Activation of naïve T cells through costimulatory molecules such as CD28 or ICOS leads to the expression of downstream effector costimulatory molecules, including CD40L, OX40, and CD27, each of which impacts Th1/Th2 differentiation, cytokine production, and end effects on B-cell stimulation, germinal center formation, and antibody production (1, 11, 12, 21, 29, 30) .
However, when framed in the context of infection with a noninvasive mucosal pathogen, we know remarkably little regarding how these CD4 ϩ T-cell effector functions facilitate host survival and resolution of infection. We thus undertook infection studies with mice lacking CD28, CD40L, IFN-␥, or interleukin-4 (IL-4), molecules with potential impact on host defense against C. rodentium. Adoptive transfer of wild-type CD28 Ϫ , CD40L Ϫ , or IFN-␥ Ϫ CD4 ϩ T cells into CD4 Ϫ/Ϫ recipients subsequently elucidated the functional roles of these CD4 ϩ T-cell-expressed molecules on the generation of protective antibody, control of pathogen burdens, and resolution of infection. We found that CD28 and CD40L were dominant in providing T-cell help for protective antibody responses, while single deficiency of IL-4 or of CD4 ϩ T-cell-expressed IFN-␥ did not produce an appreciable impact upon successful resolution of infection.
MATERIALS AND METHODS
Bacterial strains. Citrobacter rodentium strain DBS 100 and mouse commensal E. coli cells were cultured on MacConkey agar (Remel Inc.) or in Luria-Bertani (LB) broth (2) .
Mouse strains. CD45.1 ϩ and CD45.2 ϩ wild-type and CD45.
, and CD4 Ϫ/Ϫ C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor, ME), housed as previously described (2) . All methods and procedures were carried out in accordance with Animal Care and Use Committee-approved protocols.
Infection of mice. Weaning-age mice were fasted 8 h prior to oral inoculation with 5 ϫ 10 8 CFU of C. rodentium. Animals were allowed access to food after inoculation. All manipulations were performed in BL-2 biosafety cabinets. During infection, moribund animals or those showing unalleviated distress were euthanized.
Survival studies. A least six mice of each C57BL/6 strain were analyzed in a minimum of two independent experiments. Log rank and chi-square analyses were carried out in Prism 4.0 to determine median survival time and statistical significance. A P value of Ͻ0.05 was considered significant.
Tissue collection, histology, and immunofluorescence. Samples of spleen, liver, mesenteric lymph node (MLN), small intestine, and colon were placed in 10% Formalin in phosphate-buffered saline (PBS), or in tissue blocks containing OCT (Tissue-Tek) and snap-frozen. The colon was dissected to the anal canal and removed en bloc. Five-micrometer sections were stained with hematoxylin and eosin. Immunofluorescent staining was performed on frozen sections fixed in cold methanol for 5 min, washed in PBS, and blocked for 10 min in PBS plus 5% mouse serum prior to staining with rat anti-mouse E-cadherin (Zymed) and recognized with rabbit anti-rat Ig conjugated to AMCA (Jackson Immunochemical), hamster anti-mouse CD3ε conjugated to fluorescein isothiocyanate (FITC) (Caltag), rat anti-mouse CD4 conjugated to phycoerythrin (PE; Caltag), rat anti-mouse CD45.1-FITC (eBiosciences), and Hoechst nuclear dye (bis-benzimide; Sigma Chemical; 1 mg/ml stock solution diluted 1:10,000).
Colony counts. Distal colon, spleen, and liver were weighed, homogenized, serially diluted, and plated in triplicate to MacConkey agar. C. rodentium and E. coli colonies were counted after 24 h of incubation at 37°C to determine log 10 CFU per gram of tissue. Lower detection limits were 20 CFU/gram spleen (log 10 ϭ 1.3), 8 CFU/gram liver (log 10 ϭ 0.9), and 12 CFU/gram colon or fecal pellets (log 10 ϭ 1.1).
Preparation of serum and fecal lysates. Serum prepared from whole blood was collected by periorbital eye bleed from sevoflurane-anesthetized mice. For preparation of fecal lysates, fecal pellets were collected from mice, weighed, and subjected to two sequential extractions in fecal lysate extraction buffer (0.1% Tween 20 plus 10 l Sigma protease inhibitors/ml); 0.5 ml of buffer was added per 0.1 g of material for each extraction. Material was vortexed for 20 min and spun for 10 min at 12,000 rpm, and supernatant was passed over a 0.22-m-filter spin tube (Corning). Sequentially collected supernatants from the same sample were pooled to result in 1 ml of lysate per 0.1 g of fecal material.
Immunoglobulin enzyme-linked immunosorbent assays. Antibody enzymelinked immunosorbent assays were performed by coating 96-well plates with heat killed C. rodentium. Plates were incubated overnight washed with PBS plus 0.05% Tween 20, blocked in 10% soy milk (8th Continent) plus PBS plus 0.05% Tween 20 and washed prior to addition of serially diluted serum or fecal lysates. Samples were incubated for 2 h at room temperature and washed, and bound antibody was detected with goat anti-mouse IgA, IgM, IgG1, IgG2b, IgG2c, or IgG3 (Southern Biotechnology Associates) conjugated to alkaline phosphatase. After 1 h of incubation at room temperature, washed plates were developed with p-nitrophenyl phosphate (PNPP; Sigma), read in a Molecular Devices reader, and analyzed in SoftMAX 4.0 with a four-parameter fit of mean absorbance at an optical density of 405 nm of each sample versus the reciprocal of the dilution. Interpolation with the resulting equation was used to define the relative endpoint titer yielding an optical density of 405 nm of 0.15. The minimum detectable titer was 50.
Serum transfers. Adoptive transfer of serum from mice was performed as previously described (2) . Briefly, wild-type, CD40L Ϫ/Ϫ , or IFN-␥ Ϫ/Ϫ donors were infected 2 weeks prior to CD4 Ϫ/Ϫ recipients. On days 3, 4, and 5 after inoculation of CD4
Ϫ/Ϫ recipients with C. rodentium, whole blood was collected from acutely infected donors, allowed to clot, and filter sterilized prior to immediate administration of 0.25 ml serum to each recipient. Each CD4 Ϫ/Ϫ recipient received serum only from wild-type, CD40L Ϫ/Ϫ , or IFN-␥ Ϫ/Ϫ donors to assess the protective capacity of the acute antibody responses in donor mice. Survival of CD4 Ϫ/Ϫ recipients was monitored for 6 weeks after infection with C. rodentium. T-cell purification. Spleen and mesenteric lymph node were harvested from naïve 5-week-old CD45.1 ϩ or CD45.2 ϩ wild-type mice or CD45.
mice. Tissues were macerated through a 70-m mesh filter (Becton Dickinson) into 10 ml of RPMI plus 10% calf serum (R10; Gibco). Cells were spun for 5 min at 1,500 rpm at 4°C, and red cells were lysed. Preparations were spun and washed with R10, and the cell concentration was determined. Control preparations were suspended to deliver 20 million unfractionated cells to recipient mice. Remaining cells were suspended to 2.5 ϫ 10 8 cells/ml for purification with CD4 ϩ or CD8 ϩ T-cell magnetic bead purification kits, performed per the manufacturer's specifications (Miltenyi). Purified cells were stained with rat anti-mouse CD4, CD8␣, CD19, GR1, F4/80, or rat isotype control conjugated to phycoerythrin (Caltag) and analyzed on a BectonDickinson fluorescence-activated cell sorter (FACS) Scan device.
ϩ macrophages, or GR1 ϩ neutrophils and Յ1% dead cells. The resulting suspensions were passed over a 40-m mesh filter and suspended in RPMI to deliver ϳ5 million cells per recipient mouse at 23 days of age. Recipients were orally inoculated with C. rodentium as described 2 days after adoptive transfer. Administration of 5 million purified CD4 ϩ T cells conferred a significant survival phenotype in CD4 Ϫ/Ϫ recipients infected with C. rodentium, but administration of 20 million unfractionated cells, 5 million CD8 ϩ T cells, or 500,000 CD4 ϩ T cells did not. FACS analysis of tissues from adoptively transferred mice. Tissues from wild-type, control, and adoptively transferred CD4 Ϫ/Ϫ recipients were obtained at day 15 postinoculation (day 17 posttransfer). Spleen and MLN were macerated through 70-m filters. Distal colon was opened and flushed with cold Hanks buffered saline solution (Gibco) and placed on parafilm, and the mucosa was gently scraped with a sterile razor blade. Scraped material was placed in cold HBSS, pelleted at 1,500 rpm prior to two 15-min incubations at 37°C in HBSS plus 10% fetal calf serum (FCS) plus antibiotics plus 2 mM EDTA to release epithelial cells from stromal cells. Material was resuspended in R10 plus type IV collagenase (dispase) plus 10 U/ml of DNase (Pierce) and underwent two 20-min incubations at 37°C. Collected fractions were passed over 40-m Nytex mesh filters, spun, washed twice in R10, and resuspended for staining with species and isotype-specific controls (Caltag), hamster anti-mouse CD3e-cychrome (Pharmingen), CD4-PE or -FITC, CD8␣-PE or -FITC, CD19-PE, F4/80-PE, and FITCconjugated anti-mouse CD45.1 or CD45.2 (eBiosciences). In mice receiving purified CD45.1 ϩ CD4 ϩ T cells, CD8 ϩ , CD19 ϩ , or other CD45.1 ϩ cells remained at Ͻ0.5% at 15 days after transfer. By FACS analysis, cells within the lymphocyte gate were gated by CD3 positivity in FL-3 and analyzed for CD4 or CD8␣ expression in FL-1 to determine the percentages of CD4 ϩ and CD8 ϩ T cells from these locations. Mice adoptively transferred with CD45.1 ϩ cells were gated on CD45.1 ϩ in the FL-1 channel and analyzed in FL-2 for CD4 expression and FL-3 for CD3 expression to determine the phenotype of the transferred cell populations.
RESULTS

IFN-␥, CD28, and CD40L impact survival of infection with C. rodentium. Survival studies with wild-type, CD28
Ϫ/Ϫ , CD40L
Ϫ/Ϫ , IFN-␥ Ϫ/Ϫ , and IL-4 Ϫ/Ϫ mice defined critical junctures during infection requiring expression of these molecules. Animals were infected at 21 days of age, a time during which mice are more susceptible to infection with C. rodentium and one modeling the development of symptomatic infections caused by attaching-and-effacing pathogens in susceptible populations, including human children and young animals. Whereas all wild-type (Fig. 1A) and IL-4-deficient (Fig. 1B) mice survived infection, 100% of CD28 Ϫ/Ϫ mice succumbed during acute infection (Fig. 1C) . While 40% of CD40L Ϫ/Ϫ animals succumbed during acute infection (Fig. 1D) , the remaining 60% succumbed over the next 2 weeks, during the time that wild-type mice cleared C. rodentium from the colon.
IFN-␥
Ϫ/Ϫ mice demonstrated 30% lethality during acute infection with survival of remaining animals (Fig. 1E ). These findings indicated that costimulatory events mediated by CD28 impacted necessary host responses during acute infection. Surprisingly, costimulation mediated by CD40L impacted events associated with both acute and resolution stages of infection, while deficiency of IFN-␥ demonstrated a milder but still important contribution toward survival of acute infection.
Deficiency of CD28 or CD40L leads to development of polymicrobial sepsis, damage to colon and internal organs, and defects in bacterial clearance. Wild-type mice characteristically develop peak pathogen burdens 2 weeks into infection, with numbers exceeding 1 ϫ 10 8 CFU of C. rodentium per gram of colon ( Fig. 2A) . In spite of this pathogen burden, the colonic epithelium remains grossly intact with rare breaks associated with abscess formation and efflux of neutrophils into the lumen (Fig. 3A) (2) . The pathogen burden declines 3 to 4 logs over the next week, with the majority of animals clearing C. rodentium within 4 weeks ( Fig. 2A and 3E ). The same pattern was found in mice lacking IL-4 (data not shown).
All knockout strains demonstrated colonic burdens of C. rodentium similar to those of wild-type mice during initial colonization and proliferation ( Fig. 2A to D) .
By 15 days of infection, CD28
Ϫ/Ϫ mice demonstrated a half-log-higher colonic burden of C. rodentium than wild-type or other knockout strains of mice (Fig. 2B) . Histologically, the distal colon of CD28
Ϫ/Ϫ mice also demonstrated more frequent focal abscesses and breaks in epithelial integrity than those found in wild-type or IFN-␥-or CD40L-deficient mice (Fig. 3A to D) (data not shown). However, while pathogen burdens in wildtype mice dropped Ͼ3 logs between 15 and 21 days of infection ( Fig. 2A) , the pathogen burden remained constant or rose in surviving CD40L
Ϫ/Ϫ mice (Fig. 2C) . This failure to clear the colonic infection was associated with increasing destruction of the gut mucosa (Fig. 3F) . The pathogen burden in IFN-␥ Ϫ/Ϫ mice remained comparable to that in wild-type mice, except for a mean 10-day lag in clearance of colonic C. rodentium and delayed resolution of mucosal inflammation (Fig. 2D and 3G and H).
Investigation of CFU in liver and spleen revealed key defects. Prior studies in mice lacking CD4 ϩ T cells demonstrated worsening polymicrobial sepsis by day 15 of infection, characterized by systemic spread of C. rodentium and lesser numbers of commensal species (2), events that were infrequent in wildtype mice ( Fig. 2E and I ). CD28 Ϫ/Ϫ mice demonstrated a similar septic picture characterized by the presence of C. rodentium and commensal E. coli in spleen and liver ( Fig. 2F and  J) . The liver in particular demonstrated frequent focal abscesses and hepatocyte damage (Fig. 3J) . CD40L
Ϫ/Ϫ mice developed a milder septic picture ( Fig. 2G and K) with less damage to internal organs by day 15 of infection ( Fig. 3K) . However, at later time points, numbers of C. rodentium and E. coli increased in CD40L Ϫ/Ϫ mice ( Fig. 2G and K) as did damage to internal organs, liver in particular (Fig. 3L) . In contrast, IFN-␥ Ϫ/Ϫ mice displayed milder sepsis acutely that resolved in surviving animals ( Fig. 2H and L) .
T-cell costimulation mediated by CD28 and CD40L is required for development of protective antibody responses against C. rodentium. We next determined the effect of CD28, CD40L, or IFN-␥ deficiency on acute antibody responses against C. rodentium. Wild-type mice infected with C. rodentium characteristically develop strong pathogen-specific serum IgM responses that peak approximately 2 weeks after oral inoculation (Fig. 4A, squares) . IgG responses rise above baseline and peak over subsequent weeks (2) . The IgG responses at day 15 of infection in wild-type mice demonstrate rising production of IgG2b (Fig. 4C ) and Th1-dependent IgG2c (Fig.  4D) .
In contrast to the early antibody profile seen in wild-type mice, CD28-deficient mice failed to mount significant pathogen-specific antibody at 15 days of infection (Fig. 4A to E, triangles). Lack of CD40L impaired the production of acutepathogen-specific IgM (Fig. 4A, triangles) and IgG, with the exception of minimal titers of IgG2b at day 15 (Fig. 4D ). This lack of significant IgG reactivity persisted in CD40L Ϫ/Ϫ mice surviving beyond day 15 of infection (data not shown). IFN-␥ Ϫ/Ϫ mice developed total pathogen-specific Ig responses comparable to those of wild-type mice, with IgG2b (Fig. 4D , diamonds) and/or IgG3 (Fig. 4E ) developing in the absence of IgG2c (Fig. 4C) .
Analyses of immunoglobulin titers in feces demonstrated a similar striking impact on the development of C. rodentiumspecific antibody that reached the bowel lumen. At day 15 of infection, wild-type and IFN-␥ Ϫ/Ϫ mice demonstrated comparable titers of reactive fecal IgM, IgA, and IgG2b, the primary IgG isotype detected. In contrast, CD28
Ϫ/Ϫ mice demonstrated limited fecal IgA responses, in the absence of detectable anti-Citrobacter IgG (Fig. 4F to J) . Likewise, titers of reactive fecal IgM, IgA, and IgG were significantly reduced in CD40L Ϫ/Ϫ mice. Though CD40L Ϫ/Ϫ mice produced detectable IgG2b against C. rodentium (Fig. 4H) , these titers were 10-fold lower than those found in wild-type or IFN-␥ Ϫ/Ϫ mice. We next assessed the protective capacity of the acute-phase serum Ig responses produced in CD40L-and IFN-␥-deficient mice. Previous studies demonstrated that administration of serum or purified serum Ig from infected wild-type donors to highly susceptible CD4 Ϫ/Ϫ mice protected recipients from infection with C. rodentium (2) . As shown in Fig. 5A , transfer of wild-type acute-phase serum protected 100% of CD4 Ϫ/Ϫ re- cipients, as did transfer of serum from IFN-␥ Ϫ/Ϫ donors. While serum transfer from CD40L Ϫ/Ϫ mice provided a survival advantage of 7.45 days, it failed to protect CD4 Ϫ/Ϫ recipients. These data indicate that the limited pathogen-specific Ig response produced in CD40L Ϫ/Ϫ mice extends survival of CD4 Ϫ/Ϫ recipients but fails to provide complete protection. Though IFN-␥ impacts the profile of reactive IgG, its production was not required to generate protective antibody.
Adoptive transfer of CD4 ؉ T cells protects CD4 ؊/؊ recipients against infection with C. rodentium. To determine the specific contributions of CD4 ϩ T-cell-expressed CD28, CD40L, and IFN-␥, we adoptively transferred 5 million wildtype or specifically deficient CD4 ϩ T cells into CD4 T-cell compartment in spleen, MLN, and colon 2 weeks after transfer (Table 1) , while recipients of CD4 ϩ CD40L Ϫ T cells demonstrated slightly improved reconstitution of the spleen and MLN but limited reconstitution of the colon (Table 1) .
Adoptive transfer produced profound phenotypic effects upon survival of C. rodentium infection. Eighty percent of CD4 Ϫ/Ϫ recipients receiving wild-type CD4 ϩ T cells successfully resolved infection (Fig. 6A) (Fig. 6C) . Surprisingly, transfer of CD4 ϩ IFN-␥ Ϫ T cells (Fig. 6D) produced survival comparable to that of mice receiving wild-type CD4 ϩ T cells. The differences in survival were associated with development of a protective profile of acute-phase serum antibody. Recipients transferred with wild-type CD4 ϩ T cells demonstrated acute pathogen-specific serum IgM comparable to that with wild-type mice and near-normal levels of IgG2b and IgG2c (Fig. 7, inverted triangles) . Mice receiving CD4 
CD28
Ϫ T cells demonstrated poor pathogen-specific responses (Fig. 7, diamonds) . Though transfer of CD4 ϩ CD40L Ϫ T cells produced a mild elevation in pathogen-specific IgM (Fig. 7 , circles) and IgG2b (Fig. 7, circles) , pathogen-specific IgM remained Ͼ5-fold lower and pathogen-specific IgG 10-fold lower than the titers found in mice receiving wild-type CD4 ϩ T cells (Fig. 7) . Transfer of CD4
ϩ IFN-␥ Ϫ T cells resulted in comparable titers of total pathogen-specific serum IgM and IgG with compensatory titers of IgG2b (Fig. 7B, asterisks) and IgG3 (Fig. 7D, asterisks) in the absence of detectable IgG2c (Fig.  7C) .
These titers correlated with lower pathogen burdens at day 15 of infection in internal organs. Transfer of wild-type CD4 ϩ
T cells or CD4
ϩ IFN-␥ Ϫ T cells produced a Ն2-log decrease in the number of pathogenic bacteria found in the spleen when compared with CD4 Ϫ/Ϫ mice receiving CD4 ϩ CD28 Ϫ T cells or media ( Fig. 8A ; P Ͻ 0.01). Though recipients receiving CD4 ϩ CD40L Ϫ T cells developed lower mean burdens in spleen than CD4 Ϫ/Ϫ mice, this difference was not significant (log 10 CFU of C. rodentium/gram of tissue of 3.6 versus 4.3; P ϭ 0.06).
DISCUSSION
Our findings have further elucidated the complicated interplay between mucosal and systemic adaptive immunity in controlling a primary infection of a mucosal surface. Unlike phylogenetically related members of the Enterobacteriaceae including Salmonella enterica serovar Typhimurium, Shigella, and enteric Yersinia species, C. rodentium does not establish a primarily invasive or intracellular infection. However, the infections caused by each of these pathogens involve contact with epithelial surfaces and the potential for direct microbial or host-mediated damage to the mucosa (3, 23) . The adherence of high bacterial burdens of enteropathogenic E. coli or of C. rodentium to mucosal surfaces makes this process all the more important in the pathogenesis of infections caused by attaching and effacing pathogens. Epithelial disruptions provide passive portals through which pathogenic and commensal species may enter, creating the potential for polymicrobial sepsis. This microbiologial "bystander effect" remains an underappreciated pathological mechanism that can occur with any process damaging the gut epithelial barrier and can contribute to the morbidity and mortality of mucosal infections in immature and immunocompromised populations (2, 6) .
Adaptive immunity to C. rodentium requires development of a systemic and CD4 ϩ T-cell-dependent antibody response. This response is necessary in mice infected at the weaning ϩ T-cell-produced IFN-␥ did not adversely impact the host's ability to develop protective antibody and survive infection. The roles played by IL-4 or CD4 ϩ T-cell-expressed IFN-␥ in the resolution of this infection may thus be small, or alternatively they may be overcome through other mechanisms in the deficient host. Furthermore, IFN-␥ produced by populations other than CD4 ϩ T cells, including NK cells, neutrophils, macrophages, or dendritic cells, may promote key effector functions needed for host defense, including macrophage activation, neutrophil recruitment, and aspects of epithelial defense, including the induction of antimicrobial defensins (19, 24) .
However, the profile of protective antibody generated in wild-type mice indicates the development of IFN-␥ and other cytokine responses in a normal host. The dependence of the IgG2c response on CD4 ϩ T-cell-expressed IFN-␥ demonstrates that immunocompetent mice generate Th1 responses during mucosal infection with C. rodentium. The codevelopment of Citrobacter-specific IgG2b, an IgG isotype promoted by transforming growth factor ␤1 (5, 17), further suggests contributions of regulatory cytokine responses. Dissecting the manner and locations in which these responses develop may be key to discerning how the normal host evolves and controls proinflammatory responses generated during mucosal infections.
Protective serum antibody responses in acute infection consisted of pathogen-specific IgM with evolving IgG2b/IgG2c or IgG2b/IgG3 responses. These profiles are consistent with complement-fixing antibodies and convalescent IgG responses that bind with high affinity to myeloid Fc␥R1 receptors and Fc␥RII/ III receptors (20) . Whereas pathogen-specific IgM develops during the point in infection when a naïve host is most susceptible to the development of sepsis, pathogen-specific IgG, and not mucosal IgA, has been demonstrated to help clear the (15) . Our data demonstrate that reactive IgG, IgG2b in particular, enters the lumen through an ill-defined mechanism, whether through damaged or leaky epithelium, FcRn-mediated epithelial transport, or uptake and release via the hepatobiliary system (22, 27) . Effector functions of reactive antibody could thus include a combination of complementmediated, phagocytic and direct antimicrobial functions, acting in systemic and mucosal locations. We have defined key effector functions of CD4 ϩ T cells during infection with the attaching and effacing pathogen C. rodentium. CD4
ϩ T-cell-expressed CD28 and CD40L promote the development of protective humoral immunity during this primary infection of a mucosal surface, while deficiency of IL-4 or CD4
ϩ T-cell-expressed IFN-␥ have limited functional effects. These systemic adaptive immunological responses are essential for control of infections previously thought to be localized to the gastrointestinal tract. The development of a CD4 ϩ T-cell adoptive transfer model with a robust survival phenotype provides a powerful tool to further dissect the evolution of differential Th responses in mucosal and systemic locations and to study CD4 ϩ T-cell and antibody-mediated processes leading to successful resolution of mucosal infections and associated inflammation.
